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This study consisted primarily of a laboratory investigation in-
volving nucleate and film boiling heat transfer from copper spheres 
with saturated liquid nitrogen at atmospheric pressure. 
An initial study was directed towards obtaining reproducible boiling 
heat flux versus ~T curves in the nucleate boiling region from surface 
conditions created by single and/or multiple glass bead peenings. The 
variables of bead size, nozzle line operating pressure, and distance 
a copper surface should be placed from the nozzle outlet were checked. 
The results indicated that a final peening of the surface with 0.0017-
0.0035 inch diameter glass beads, a nozzle line pressure of approximately 
20 psig and the surface being peened placed approximately 2.0 inches from 
the nozzle outlet produced the most desirable surface condition. 
Based on the conclusions of the initial surface condition study, a 
series of boiling heat flux versus ~T curves for nucleate and film boiling 
were obtained from a 2.25 inch O.D. hollow copper sphere. The transient 
technique was used to obtain the necessary data for these curves from a 
machined, single peened, sandblasted and multiple repeened surface. The 
resulting boiling heat flux versus ~T curves indicated a high degree of 
reproducibility from the single peened and multiple glass bead repeened 
spherical surface. In the film boiling region, the results indicated that 
surface conditions affect the minimum boiling heat flux (Liedenfrost 
Point) and the corresponding ~T at which it occurs. In general, the 
results indicated that a peened spherical surface yields a Liedenfrost 
Point comparable to a polished spherical surface. 
A peened 0.75 inch O.D. solid copper sphere was oscillated with peak-
to-peak amplitude-to-diameter ratios (X/d) of 2.40, 5.73 and 7.33 and at 
frequencies from 3.0 to 10.15 cps. More than 100 percent increase in 
film boiling heat flux was noted over a stationary condition when the 
sphere was oscillated with an X/d ratio of 7.33 and a frequency of 6.03 
cps. At the two larger X/d ratios, the boiling heat flux versus ~T curves 
in the film boiling region indicated steeper curve slopes. 
Heat flux versus ~T curves in the nucleate and film boiling regions 
were obtained from peened 0.25, 0.125, and 0.0625 inch diameter solid 
copper spheres. The boiling heat flux versus ~T curves obtained from 
the spheres in the nucleate boiling region differed from those curves 
obtained from larger peened and polished spherical surfaces in both the 
magnitude of peak nucleate boiling heat flux and critical ~T. Accordingly, 
the deviation of these characteristics between the three diameter spheres 
indicated that the critical ~T decreases as the sphere diameter was de-
creased. The film boiling heat flux for the three spheres were found to 
increase as sphere diameter was decreased. In addition, the correlation 
* equation presented by Frederking and Clark [1] for the Nusselt number 
was not representative of these size spheres. 
Utilizing the steady state technique, boiling heat flux versus ~T 
curves in the nucleate and film boiling regions were obtained from a 
peened 2.25 inch O.D. hollow copper sphere with an enclosed heater. The 
resulting boiling heat flux versus ~T curves were found to be comparable 
to those obtained by the transient technique from the similar 2.25 inch 
O.D. hollow copper sphere. 
* Numbers in brackets refer to listing in the Bibliography. 
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NOMENCLATURE 
A = area, ft2 
a = acceleration, ft/sec2 
al = a constant found experimentally in equation (C) 
a2 = a function of temperature in equation (D) 
C = constant in equation (D) inches-l 
CP = specific heat at constant pressure, Btu/lbm-°F 
cps = cycles per second, eye/sec 
d = diameter, ft. 
dT = change of temperature, 0 R 
dt = change of time, sec. 
F = frequency of oscillation, eye/sec 
g = acceleration due to standard gravity, ft/sec 2 
h = heat transfer coefficient, Btu/Hr-Ft~°F 
hfg = latent heat of vaporization, Btu/lbm 
K = thermal conductivity, Btu/Hr-Ft-°F 
L - length, ft. 
O.D. = outside diameter 
Q = rate of heat transfer, Btu/Hr. 
T • temperature, 0 R 
TC = notation for thermocouples 
~T = temperature difference (Tsurface- Tliquid)' oR 
X = peak-to-peak amplitude of oscillation, ft. 
Greek Symbols 
~ = angle, degrees 








= viscosity, lb /ft-sec. 
m 




= , Froude number 
(gd)l/2 
hd 




, Prandtl number 
Subscripts 
= mean film temperature (T + T )/2 liquid surface 
= applicable to liquid 
= applicable to sphere 




1.1 Boiling Heat Transfer Regions and Mechanisms 
Since the beginning of significant investigations of heat transfer~ 
considerable interest has been focused on removing energy by boiling 
which involves high heat-transfer rates. During the latter half of 
this century, investigators have displayed particular attention towards 
the boiling of cryogenic fluids because of the increased use of cryogenic 
fluids and related sophisticated cryogenic equipment, especially in 
the aerospace industry and nuclear reactor fields. 
Nukiyama [2) investigated and predicted the entire typical boiling 
heat flux versus ~T curve (Figure 1) and Flynn, Draper, and Roos [3] 
subsequently determined the boiling heat flux versus ~T curve for 
liquid nitrogen boiling from a copper tube in saturated pool boiling. 
In reference to Figure 1, the typical boiling curve comprises four 
distinct regions as follows: 
Convective Region: 
This region, labeled as Region I, corresponds to a temperature rise 
of a heating surface above the saturation temperature of the liquid in 
which it is submerged. This temperature difference causes convective 
currents which circulate superheated layers of the liquid near the 
heating surface causing evaporation at the liquid-vapor interface. 
Nucleate Boiling Region: 
Region II is obtained by further raising the heat transfer surface 
temperature above the liquid it is submerged in. This temperature rise 
causes vapor bubbles~ originating from so~called nuclei, to form on the 
heating surface at discrete locations called nucleation sites. This 
2 
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region is named the nucleate boiling region because of the bubble forma-
tions initiating from these nucleation sites and is characterized by 
large heat fluxes at relative small temperature differences. The 
maximum nucleate boiling heat flux occurs at point A and is called the 
critical heat flux or the burn out point. As the temperature of the 
heat transfer surface is increased throughout the nucleate boiling 
region, nucleation sites are continually being activated until the sur-
face is completely covered with a continuous vapor film at the critical 
heat flux point. 
Metastable Film Boiling Region: 
In Region III the film formed at the burn out point A becomes un-
stable with an increase of temperature and rapidly forms and collapses 
with large bubbles being formed at the outer surface of the film. This 
film configuration creates an increased heat transfer resistance between 
the heating surface and the bulk liquid and thereby causes a sudden de-
crease in the heat transfer rate. This unstable film region extends to 
point B (the Liedenfrost point) where the film upon entering the stable 
film boiling region becomes continuous and basically stable even though 
the outer surface of the film varies and is in violent agitation. 
Stable Film Boiling Region; 
The stable film boiling region lies to the right of the Liedenfrost 
point and is indicated in Figure 1 as Region IV. In this region~ the 
vapor level is stable in that it does not collapse and while the outer 
surface of the film surface varies it does remain continuous. In this 
region, the heat transfer surface is completely covered with a film of 
vapor which results in a low heat transfer rate at relative large 
temperature differences. 
The nucleate boiling region of the boiling heat flux versus ~T 
curve is exceedingly important because of its characteristic large 
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heat fluxes at relatively small temperature differences. To explain the 
high heat transfer rates in the nucleate boiling region, several 
mechanisms have been proposed by various investigators [4;5]: 
(a) Microconvection in the Sublayer. 
This mechanism specifies that the primary heat transfer 
is from the heater surface to the liquid lying between the 
bubbles. The energy is carried away from the surface by 
large convective velocities caused by the growth and collapse 
of the vapor bubbles. 
(b) Latent Heat Transport by Bubbles. 
This mechanism is based on the assumption that latent 
heat of vaporization is absorbed in bubble growth. This 
latent heat of vaporization is returned to the bulk liquid 
when the bubble collapses. 
(c) Vapor-Liquid Exchange. 
A third mechanism points out that as a bubble grows on 
a surface it forces superheated liquid from a superheated 
sublayer on the surface into the colder bulk liquid. Cold 
liquid rushes in to fill the void left by the bubble on de-
tachment of the bubble from the surface. 
(d) Mass Transfer Through the Bubble. 
This mechanism specifies that a thin layer of liquid re-
mains in contact with the heating surface as the bubble grows. 
This liquid layer evaporates into the bubble and the bubble 
gives up latent heat of vaporization to the bulk liquid as 
condensation occurs around the upper portion of the bubble. 
1.2 General Comments on Previous Investigations. 
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Previous investigators have noted that the boiling heat flux versus 
~T curve in the nucleate boiling region is a function of surface condi-
tions and/or surface chemistry while the curve in the film boiling region 
is independent of these characteristics. At present no adequate cor-
relation of the results from the many investigations in the nucleate 
boiling region can be realized due to lack of a predefined or specified 
condition of a boiling heat transfer surface. Furthermore, those sur-
faces found acceptable and used in most investigations, such as polished 
or plated, are time consuming to prepare and an expensive means to 
specify surfaces and are not readily adaptable to large surface areas 
often required in major applications. Rhea [6,8] along with Flanigan 
and Park [7] noted in prior investigations that glass bead peening of a 
boiling heat transfer surface affected the heat transfer characteristics 
from the surface. Their work indicated that a more detailed investiga-
tion of a glass bead peened surface and its associated affect on boiling 
heat transfer characteristics should be conducted. 
Rhea [6,8] has shown that oscillation of a solid copper sphere at mod-
erate temperature differences and relatively small amplitudes improve boil-
ing heat transfer in the film boiling region. How oscillation affects boil-
ing heat transfer at higher temperatures and amplitudes is still an unknown. 
Bromley [9,10] was the first investigator to present an equation to 
predict heat transfer coefficients for natural convection film boiling from 
a horizontal or vertical tube. Later, Banchero, Barker, and Boll [11] 
found that the Bromley equations for the boiling heat transfer coefficient 
did not predict correct values of the coefficient over a wide range of tube 
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and wire diameters. Frederking and Clark [1] analyzed convective film 
boiling for spheres and proposed an equation for the Nusselt number re-
gardless of the size or whether the heat transfer surface was cylindrical 
or spherical. Merte and Clark [12] subsequently obtained the boiling 
heat flux versus ~T curves for a 1.0 and a 0.5 inch diameter sphere. 
They also observed no effect applicable to the size of the spheres used 
in their investigation. Whether the proposed equation for the Nusselt 
number presented by Frederking and Clark and the boiling heat flux versus 
~T curves for 0.5 and 1.0 inch diameter spheres obtained by Merte and 
Clark holds for smaller diameter spheres is not presently known. 
~1arianyi's work [13] noted that steady state data taken from a 
machined 2.25 inch O.D. diameter hollow copper sphere with an enclosed 
heater indicated a constant numerical difference above transient results 
during his investigations in the film boiling region. If such a dif-
ference does exist the transient technique, a much simpler mode of 
boiling heat transfer data collection, could be readily used as a 
reference for design of steady state systems. This could be accomplished 
by adding a simple numerical constant to the transient results. 
1.3 Purpose of this Research. 
This investigation was initiated to (a) determine whether a nucleate 
boiling heat flux versus ~T curve could be reproduced by glass bead peen-
ing a boiling heat transfer surface; (b) expand the field of oscillating 
a boiling heat transfer surface (sphere) into higher temperature ranges 
and larger amplitudes; (c) collect data to ascertain whether the present 
state-of-the-art predicted Nusselt number values and boiling heat flux 
versus ~T curves conform to 0.25 inch and smaller diameter spheres and; 
(d) study the relationship between data obtained by the steady state and 
transient techniques. 
2.1 
II. BOILING HEAT TRANSFER SURFACE STUDIES 
Previous Surface Studies, Related Observations and Purpose 
of the Investigation. 
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Nucleate and film boiling heat transfer, as previously stated, 
possesses unique performance characteristics. Past experimental studies 
of boiling heat flux in the nucleate boiling region have lead investiga-
tors to conclude that surface conditions play a major role in the shape 
of the nucleate boiling curve. Basically, film boiling heat flux versus 
AT curves have not displayed this same characteristic. 
From theoretical considerations, it has been shown that nucleation 
sites must be good gas traps. Furthermore, Westwater [14] specifies 
that the necessary AT to produce bubbles is a strong function of the width 
of the cavity. He outlined, at the time of his referenced publication, 
that no experimental indications existed that peak nucleate boiling heat 
flux can be altered by changes in the microscopic surface texture. 
Corty and Foust [15] investigated the boiling phenomena of ether, 
normal pentane and freon 113 from copper and nickel plated flat copper 
block surfaces possessing varying degrees of roughness. They noted changes 
in the nucleate boiling heat flux versus AT curves which they attributed 
to both aging and surface roughness. They observed (a) that heat trans-
fer coefficients, as a function of AT, varied with the immediate past 
history of boiling, (b) patchwise boiling occurred with areas covered by 
bubbles being cooler than bare spots, (c) not only the positions of nu-
cleate boiling heat flux versus AT curves, but also their slopes vary 
with surface roughness, (d) and the critical AT in the nucleate boiling 
region decreases with increasing roughness. 
9 
By photography, Clark, Strenge and Westwater [16] investigated the 
boiling of ether and pentane from pure zinc and aluminum alloy surfaces 
to identify active bubble producing sites. Photographs taken during their 
investigation showed that some scratches, a plastic-metal interface, and 
a mobile speck of unidentified material were active sites. Other pho-
tographs definitely indicated that pits with diameters between 0.0003 
and 0.003 inches are exceedingly active nucleation sites. 
Another photographic study of nucleate boiling of water from pol-
ished platinum and copper surfaces finished with 2/0 and 4/0 emergy 
paper respectively, was conducted by Gaertner [17]. He summarized his 
investigation by outlining the following four regions which he described 
as existing in nucleate pool boiling of liquids from a horizontal surface: 
(a) Discrete bubble region (approximately 8 percent of the nucleate 
boiling curve). ''All active sites produce discrete bubbles. 
The mechanisms of heat transfer are probably natural convec-
tion on the areas of the surface void of active sites, evapor-
ation into the base of the growing bubbles, and liquid circu-
lation in the vicinity of the active sites due to the inertia 
of the bubbles bursting through the thermal layer and the 
entrainment of superheated liquid in their wakes." 
(b) First transition region (approximately 7 percent of the nucleate 
boiling curve). "Here discrete bubbles begin disappearing and 
vapor columns and vapor mushrooms take their place. [At] ••• the 
local areas of high active-site population, where vapor columns 
and vapor mushrooms are most numerous, the mechanism of heat 
transfer is evaporation at the vapor-liquid interfaces of the 
columns or stem& where they extend through the superheated 
10 
liquid of the thermal layer. As the [heat transfer] surface 
temperature or number of active sites increases, vapor columns 
become more numerous and the latent heat-transport mechanism 
begins to predominate. [Therefore, depending on the remaining 
discrete bubble areas coupled with these advanced stage areas], 
••• the total heat transferred [in this region] ••• is the pro-
rated sum of the heat transferred by each mechanism based on 
the distribution of local site populations." 
(c) Vapor mushroom region (approximately 39 percent of the nucleate 
boiling curve). "In this region the heat transfer surface is 
covered with huge billowing vapor mushrooms that are attached 
to the surface by numerous columnar stems. [No discrete bub-
bles are present, but a few remaining columns are present on 
isolated areas of the surface.] Heat is transferred by latent 
heat transport at the vapor-liquid interface of the stems 
extending through ••• the thermal layer and ••• by latent heat 
transport at the base of the mushrooms." 
(d) Second transition region (approximately 46 percent of the 
nucleate boiling curve)." [This region is believed to exist 
because of] ••• the change of slope of the upper portion of the 
nucleate boiling curve. The [curve] slope depends on the size, 
shape and orientation of the heat transfer surface. [This re-
gion is founded on the theory that vapor patches are formed on] 
••• areas of the surface having a critical active site popula-
tion (and] ••• that the vapor-liquid interface of the columns 
becomes hydrodynamically unstable. As the surface temperature 
is [increased] ••• the size and number of the patches increases. 
Heat is transferred by the mechanism described in [(c)] ••• 
with allowances made for [the] decreases in the number of 
vapor columns. 11 
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Griffith and Wallis [18] initiated a study to determine what ef-
fects nucleation site geometry has on the boiling heat flux versus ~T 
curve. Their investigation indicated that cavity mouth diameter deter-
mines the superheat necessary to initiate boiling while the cavity shape 
controls stability once boiling has begun. 
By a plating technique, Gaertner and Westwater [19] made counts 
of active bubble producing sites throughout most of the nucleate 
boiling region. The technique involved plating a thin layer of nickel 
on a flat 2.0 inch diameter copper surface during boiling runs and 
subsequently counting the number of pin holes remaining on the base 
surface. They achieved counts of active sites from zero to a maximum 
of 1,130 sites per square inch. 
In an examination of nucleate boiling and maximum heat flux charac-
teristics of liquid nitrogen boiling from characterized surfaces, 
Porchey [20] found that the necessity to age a boiling heat transfer 
surface was not related to absorbed gases. His data indicated that the 
necessity to age a surface was to remove impurities acquired on the 
surface. The results of this investigation revealed that both surface 
chemistry and surface roughness affect the nucleate boiling character-
istics of liquid nitrogen. 
Utilizing the transient technique with cooldown of solid copper 
spheres in saturated liquid nitrogen, Rhea [6,8] noted that glass bead 
peened spherical surface yielded a minimum film boiling heat flux com-
parable to a polished spherical surface. Flanigan and Park (7] in a 
12 
further investigation of the effect of glass bead peening of a heat 
transfer surface noted that peening strongly affected the critical heat 
flux for liquid nitrogen boiling from an aluminum cylinder. In accord-
ance with these initial two glass bead peening observations, a basic 
study of glass bead peening and its physical effect on the boiling heat 
flux versus ~T curves for liquid nitrogen boiling from copper spherical 
surfaces has been initiated and is presented in sections 2.2 and 2.3. 
In addition to the above study, another objective of this investigation 
was to determine whether nucleate boiling heat flux versus ~T curves 
from a spherical copper surface could be reproduced by a glass bead 
peenipg of the heat transfer surface. 
2.2 Experimental Equipment and Test Procedures. 
Several small 0.375 inch diameter solid copper machined slugs were 
used as a reference for observation and study purposes. Extreme care 
was exercised in machining the end surfaces of the slugs to insure a 
degree of uniformity in surface smoothness. Each slug was numbered 
individually to maintain laboratory records and an indentation mark was 
placed on the side of each slug so they could be oriented to a similar 
mark on a holder for the slugs when placed under the optical microscope 
for observation and photographs. This allowed the microscope to be 
focused on the same surface area when it was necessary to remove and 
replace the slugs. 
The principal equipment used for this research consisted of a model 
B-300-F glass bead peening machine manufactured by the Zero Manufacturing 
Company of Washington, Missouri. The inspection and photographic aspects 
were accomplished by use of a model ~ Nikon optical microscope with a 
35mm camera attachment manufactured by the Nippon Kogaku Company of 
13 
Tokyo, Japan. The assortment of bead sizes and their specifications 
used in conjunction with the glass bead peening m~chine are listed in 
Appendix A. 
The sequence of events consisted of taking a photograph of the 
machined end of each copper slug using the optical microscope and 
camera followed by photographs of the resulting surface after glass bead 
peening. A trial and error method was used to study what effects the 
various glass bead sizes~ nozzle operating line pressures, and placement 
of the slugs at different distances from the nozzle outlet had on 
peeni~g the copper surfaces. Also, both single and multiple peenings 
were tried in an effort to determine the most desirable surface con-
dition which would yield possible reproducible nucleate boiling heat 
flux versus ~T curves. 
2.3 Results and Conclusions. 
The configurations of the indentations created by impact of the 
glass beads on a machined copper surface were found to vary according 
to the diameter of the beads and the nozzle line pressure. Bead 
coverage of the surface depended not only on bead size and nozzle line 
pressure, but on the distance the surface was placed from the nozzle 
outlet and the time period the beads were directed at a particular 
surface area. An initial check of surface conditions, by varying the 
nozzle line pressure from 20 to 60 psig, was performed using size 801-
205 beads. This inspection indicated that the beads had a tendency to 
break upon impact at the 30-60 psig pressures; whereas, the beads 
bounced on impact at the 20 psig pressure. The smoothest surface con-
dition was noted from the latter, so the nozzle line pressure was fixed 
at 20 psig and the other variables mentioned above were then investigated. 
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A series of tests using a sampling of larger, small and intermediate 
size beads with both single and multiple peenings of the copper surfaces 
at a fixed nozzle line pressure of 20 psig led to the following con-
clusions: 
(a) The use of the smaller size beads produced the relatively 
smoother surface condition. 
(b) The time required for an area coverage using the smaller size 
beads was in the range of 3-5 seconds versus 20-30 seconds for 
the larger size beads at a fixed nozzle pressure of 20 psig. 
(c) Depending on the initial copper surface degree of roughness, a 
multiple peening could be used to obtain a comparable surface 
smoothness similar to one singularly peened using the smaller 
size 801-213 glass beads. To achieve this, the sequence of the 
multiple glass bead peening should be from the larger to the 
smaller size beads. 
(d) Utilizing the smaller size 801-213 beads at a 20 psig nozzle line 
pressure, the distance the surface to be peened should be placed 
for best results from the nozzle outlet was found to be approx-
imately 2.0 inches. 
(e) Results showed that beads larger than size 801-205 retained a 
high degree of probability to shatter upon impact with a copper 
surface even at the 20 psig nozzle line pressure. The resulting 
bead particles had a tendency to embed themselves or leave cav-
ities in the surface. Furthermore, it was found impossible by 
either another single peening or a multiple repeening to close 
the cavities these shattered beads created. 
Approximately two hundred photographs were taken at a 100 power 
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magnification factor of copper surfaces for this study. Photographs of 
a typical machined copper surface and the results after peening the same 
surface with size 801-205 beads at a 20 psig nozzle line pressure are 
shown in Figure 2. A photograph of a typical machined flat copper sur-
face after peening with size 801-213 beads, a 20 psig nozzle line pres-
sure, and the surface located approximately 2.0 inches from the nozzle 
outlet is shown in Figure 3. In this photograph a 0.002 inch diameter 
wire (dark area) was placed on the surface for reference purposes to show 
the extent of the area investigated and the corresponding degree of 
smoothness. From visual observations, this latter surface condition was 
selected and later used to determine whether nucleate boiling heat flux 
versus ~T curves could be reproduced from a peened heat transfer surface. 
The surface areas viewed in these photographs are approximately 1.6xl0-4 
square inches. 
An investigation of nucleate and film boiling from a peened surface 
condition prepared with size 801-213 beads, a 20 psig nozzle line pressure 
and the surface placed 2.0 inches from the nozzle outlet was then con-
ducted. Figures 4 and 5 are the respective nucleate and film boiling 
heat flux versus ~T curves obtained by the transient technique from a 
2.25 inch O.D. hollow copper sphere after its surface had initially been 
single peened, sandblasted and then undergone a multiple repeening. The 
details of obtaining the data for these boiling heat flux versus ~T 
curves are presented in Chapter III. The resulting curves, shown in 
Figure 4, indicate the reproducibility of nucleate boiling heat flux 
versus ~T curves for liquid nitrogen boiling from a single peened and 
multiple repeened copper spherical surface based on the surface condition 
selected from the initial photographic surface studies. These two 
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Figure 2 
Typical photographs of an initial machined flat 
copper surface and the resulting surface condition 
after peening with size 801-205 glass beads. The 
nozzle line pressure was 20 psig and the sample 
surface was placed 2.0 inches from the nozzle 
outlet. The surface areas shown in the photo-





A typical photograph showing a flat machined copper 
surface peened with size 801-213 glass beads. The 
nozzle line pressure was 20 psigand the sample surface 
was placed 2.0 inches from the nozzle outlet. The 
surface area shown in the photograph is approximately 




Nucleate boiling heat flux versus ~T curvesfrom 
a single peened, sandblasted and a multiple 
repeened 2.25 O.D. hollow copper sphere. The 
nozzle line pressure was 20 psig and the surface 
of the sphere was placed approximately 2.0 inches 
from the nozzle outlet. Details of the peening 
and data collection for these curves are pre-
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A film boiling heat flux versus ~T curve from 
a single peened and a multiple repeened 2.25 
inch O.D. hollow copper sphere. The nozzle 
line pressure was 20 psig and the surface of 
the sphere was placed approximately 2.0 inches 
from the nozzle outlet. Details of the peenings 
and data collection for the curve are presented 
in Chapter III. 
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nucleate boiling heat flux versus ~T curves, res~ting from a single 
peened and a multiple repeened spherical surface, show a deviation 
of less than 2 percent in maximum nucleate boiling heat flux and a 
critical ~T deviation of approximately l 0 R. 
The film boiling heat flux versus ~T curve, shown in Figure 5, 
shows the reproducibility of the minimum heat flux point for film 
boiling from a single peened and a multiple repeened spherical surface. 
III. AN INVESTIGATION OF NUCLEATE AND FILM BOILING FROM A 2.25 INCH 
O.D. HOLLOW COPPER SPHERE USING THE TRANSIENT TECHNIQUE 
3.1 Purpose of the Investigation. 
This investigation is an applied extension of the conclusion 
drawn from the boiling heat transfer surface studies presented in 
Chapter II. The primary purpose of this work was (a) to check the 
validity of whether nucleate and film boiling heat flux versus I::.T 
curves may be reproduced by either a single or multiple peening of 
a spherical heat transfer surface, (b) to collect nucleate and film 
boiling data from both a machined and sandblasted spherical surface 
25 
for comparison purposes, (c) and to study the resulting effect peening 
has on the nucleate boiling heat flux versus I::.T curve and the Lieden-
frost point in the film boiling region. 
3.2 Experimental Equipment and Procedures. 
The original heat transfer surface was a machined 2.25 inch O.D. 
hollow copper sphere having a 0.125 inch wall thickness. The sphere 
consisted of two hemispherical shells which screwed together at the 
equatorial plane. A 0.1540 inch diameter hole was drilled through the 
wall of the upper hemispherical shell at the pole for insertion of the 
26 gauge iron-constantan thermocouple wires which were internally 
mounted in the sphere. Externally, the six thermocouples mounted in 
the sphere were conne cte d to a terminal board, with electrica l wiring 
leading from the board to a Leeds and Northrup rotary switch and then 
to a recorder. The thermocouple reference junction was placed between 
the sphere and the terminal board. Also, the thermocouple wires func-
tioned as a support for the sphere when it was submerged in liquid 
nitrogen at atmospheric pressure during test runs. 
--~-
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Each thermocouple was mounted inside the sphere approximately 0.03 
inches from the outside surface by drilling and tapping a hole to accept 
a number 4-40 copper screw. A 0.08 inch wide slot was initiated approx-
imately 0.25 inches from each hole and terminated at the bottom of each 
hole. These slots allowed the thermocouples to be inserted with their 
junctions placed at the bottom of the holes and held in place by number 
4-40 screws. The screws were then permanently placed by the technique 
outlined by Rhea [6] using a hammer and punch. The exact mounting 
locations of the thermocouples are shown in Figure 6. An Epoxe Steel 
manufactured by the Woodhill Chemical Corporation of Cleveland, Ohio, 
was used as a filler for the voids which remained at the exit point of 
the thermocouples from the sphere and the hole drilled through the 
upper hemispherical section. 
The recorder used for the millivolt versus time records of the 
cooldown of the sphere was an Electronik Model 19 strip chart recorder 
manufactured by the Honeywell Industrial Division of Fort Washington, 
Pennsylvania. Prior to each test run the recorder was allowed to warm 
up for at least an hour and the surface of the sphere concurrently 
cleaned with acetone. The sphere was then placed in a heater (shown on 
the left in Figure 24) and heated to approximately 250°F above ambient 
room temperature. With the heater removed, the sphere was then submerged 
to a minimum depth of six inches in an eight liter stainless steel flask 
containing saturated liquid nitrogen. At least two test runs were per-
formed for each thermocouple to obtain millivolt versus time records and 
to insure the reproducibility of the data. 
Photographs were taken of two different surface areas on the 
sphere to emphasize the uniformity of the peened surfaces in comparison 
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Figure 6 
Thermocouple locations in the 2.25 inch O.D. 
hollow copper steady state and transient spheres. 
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to the surface variations existing on a machined surface. 
Using the millivolt versus time records and the equation 
. Psvs 
Q/A = --S AS 
dT 
dt' (A) 
with the sphere considered as a lumped system, the boiling heat flux 
for the various temperature differences between the sphere surface and 
the liquid nitrogen at atmospheric pressure were calculated. An IBM 360 
computer and x-y plotter were used to convert the data read from each 
millivolt versus time record to a temperature versus time plot to insure 
continuity in the data and accuracy in reading the initial record. The 
computer was further used to calculate the slope of designated intervals 
on the temperature versus time curve, the value of Cps based on the 
average temperature over each interval, and the heat flux value for 
each interval. 
The equations used for converting millivolts to temperature, for 
calculating Cps as a function of temperature, and for finding the other 
thermophysical properties used throughout this research are presented 
in Appendix B. These equations were obtained by using the computer to 
determine the best least squares polynomial from available data. 
3.3 Nucleate and Film Boiling Heat Transfer from the Machined Surface. 
The initial phase of this research consisted of collecting boiling 
heat transfer data from the sphere with the surface condition as it was 
received from the machinist. Typical photographs of the machined surface, 
taken at two different locations on the sphere after completion of the 
test runs, are presented in Figure 7. Curves representing nucleate and 
film boiling heat flux versus bT resulting from the machined surface con-
dition are presented in Figures 8 and 9, respectively. 
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Figure 7 
Typical photographs taken of two different 
positions on the surface of the machined 
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Data from thermocouple number 2 was erratic and is not included 
in the results. In addition, thermocouple numbers 3 and 4 produced con-
siderable heat flux scatter in the upper portion of the nucleate boiling 
curve and it was impossible to represent them in a smooth curve form. 
This is readily seen by observing and comparing their millivolt versus 
time records with the other remaining three thermocouples. Millivolt 
versus time records for the various surface conditions investigated 
and outlined in this chapter are presented in Appendix C. 
Considerable deviations between the nucleate boiling heat flux 
curves from the lower and upper half of the machined sphere are apparent. 
Similar deviations were noted from a 4.0 inch O.D. hollow copper sphere 
(0.25 inch wall thickness) by Manson [21], which she attributed to 
peripheral conduction in the sphere wall. 
3.4 Nucleate and Film Boiling Heat Transfer From the Initial Glass 
Bead Peened Surface. 
After completing the heat transfer investigation of the machined 
surface of the sphere, the sphere was taken from its mounting ~ithout 
removing the thermocouples. The surface of the sphere was then peened 
using size 801-213 glass beads, a nozzle line pressure of 20 psig, and 
the surface of the sphere placed approximately 2.0 inches from the nozzle 
outlet. Each increment of the surface area was peened for a period of 
3-5 seconds to insure complete bead impact coverage. The surface of 
the sphere was photographed and the resulting photographs taken of two 
different peened surface areas a~e shown in Figure 10. 
The cleaning of the surface, recorder warm-up period, test proce-
dures, and evaluation of the results were performed in accordance with 
those outlined in Section 3.2 of this chapter. 
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Figure 10 
Typical photographs taken of two different 
surface areas of the 2.25 inch O.D. hollow 
copper sphere after an initial peening with 
size 801-213 glass beads. The nozzle line 
pressure was 20 psig and the surface was 
placed 2.0 inches from the nozzle outlet. 
The surface areas shown in the photographs 




The nucleate and film boiling heat flux versus ~T curves resulting 
from this initial peened surface are presented in Figures 11 and 12, 
respectively. 
3.5 Nucleate and Film Boiling Heat Transfer From the Surface After 
Sandblasting. 
The sphere was again removed from its mounting without removing 
the thermocouples and its surface sandblasted. The nozzle line pres-
sure was maintained at 15 psig and the surface of the sphere held 4.0 
inches from the nozzle outlet. In comparison, unlike the uniform 
dimpled surface produced by glass bead peening, the final sandblasted 
surface was rough textured. Typical photographs taken of two different 
surface areas of the sphere after sandblasting are shown in Figure 13. 
The basic test procedures followed those outlined in Sections 3.2, 
3.3 and 3.4 of this chapter. 
The nucleate and film boiling heat flux versus ~T curves resulting 
from the sandblasted surface are sho~m in Figures 14 and 15, respectively. 
3.6 Nucleate and Film Boiling Heat Transfer After a Multiple Glass 
Bead Repeening of the Surface. 
The sphere, after the millivolt versus time records from the sand-
blasted surface were recorded, was again removed from its mounting without 
removal of the thermocouples and a multiple repeening of the surface per-
formed. The sequence of peening involved using size 801-210, 801-212, 
and 801-213 glass beads, respectively. Typical photographs of the sur-
face peened with size 801-210 glass beads are shown in Figure 16, those 
peened with size 801-212 beads in Figure 17, and the final multiple 
repeened surface in Figure 18. A series of boiling heat transfer test 
runs were then performed with the final glass be4d repeened surface. 
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Figure 11 
Nucleate boiling heat flux versus ~T curves 
from the initial glass bead peened 2.25 inch 
O.D. hollow copper sphere. 
40 
TC 0 
·-· TC 3 -1fr----~ 














































































A film boiling heat flux versus ~T curve 
from the initial glass bead peened 2.25 
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Typical photographs taken of two different 
positions on the surface of the 2.25 inch 
O.D. hollow copper sphere after sandblasting. 
The nozzle line pressure was 15 psig and the 
surface was placed 4.0 inches from the nozzle 
outlet. The surface areas shown in the 
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A film boiling heat flux versus ~T curve from 
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Typical photographs taken of two different 
positions on the surface of the 2.25 inch 
O.D. hollow copper spheres after peening 
with size 801-210 glass beads. The nozzle 
line pressure was 20 psig and the surface 
was placed 2.0 inches from the nozzle outlet. 
The surface areas shown in the photographs 
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Typical photographs taken of two different 
positions on the surface of the 2.25 inch 
O.D. hollow copper sphere after peening with 
size 801-212 glass beads. The nozzle line 
pressure was 20 psig and the surface was 
placed 2.0 inches from the nozzle outlet. 
The surface areas shown in the photographs 




Typical photographs taken of two different 
positions on the surface of the 2.25 inch 
O.D. hollow copper sphere after a final 
peening with size 801-213 glass beads. 
The nozzle line pressure was 20 psig and 
the surface was placed 2.0 inches from the 
nozzle outlet. The surface areas shown in 





The nucleate and film boiling heat flux versus ~T curves resulting 
from the final multiple repeened surface of the sphere are shown in 
Figures 19 and 20~ respectively. 
3.7 Comparison of the Boiling·Heat Transfer From the Sphere Applicable 
to Various Surface Conditions. 
The experimental work of Manson [21] and observation of the individual 
thermocouple responses obtained in the nucleate boiling region for the 
sphere in this investigation indicated an averaging of the boiling heat 
flux data was necessary. This averaging of the calculated boiling heat flux 
for each surface condition at various fixed temperatures throughout the 
nucleate boiling region results in the nucleate boiling heat flux versus 
~T curves presented in Figure 21. Only the data from the thermocouples 0~ 
3, 4, and 5 for the various surface conditions of the sphere were used. 
The data from thermocouple 2 was erratic. During test runs of the 
sphere with the initial peened surface condition, thermocouple 1 also 
failed to operate properly. Later, the problem was found to be with the 
contact in the rotary switch. 
The curves in Figure 21 indicate that considerable differences exist 
in shape, peak nucleate boiling heat flux values and magnitude of the 
critical bT between each of the surface conditions. However, the shape 
and characteristics of the curves obtained from the single peened and 
multiple glass bead repeened surface conditions exhibit a high degree of 
similarity. These two curves, representing a peened spherical surface, 
reflect a deivation of less than 2 percent in maximum nucleate boiling 
heat flux and have a critical ~T deviation of approximately loR. As a 
further comparison, Merte and Clark [12] reported a maximum nucleate boil-
ing heat flux of approximately 4.Sxl04 Btu/Hr-Ft2 with a critical ~T of 
25-30°F for a 1.0 inch diameter polished copper sphere. 
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Figure 19 
Nucleate boiling heat flux versus 6.T 
curves from the final multiple repeened 
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A film boiling heat flux versus 8T 
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Consolidated nucleate boiling heat flux 
versus ~T curves resulting from the machining, 
sandblasting and glass bead peening of the 
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The maximum nucleate boiling heat flux shown by the heat flux versus 
~T curve for the sandblasted surface is less than 75% of the maximum peak 
nucleate boiling heat flux values obtained for the two peened surfaces. 
The boiling heat transfer curve slope and shape for the sandblasted surface, 
other than magnitude of the peak nucleate boiling heat flux and correspond-
ing critical ~T, is comparable to that exhibited by the peened surfaces. 
The nucleate boiling heat flux versus ~T curve for the machined 
surface does not exhibit a general shape or magnitude of the critical 
~T comparable to either the sandblasted or peened surfaces. 
Consolidated film boiling heat flux versus ~T curves, using all data 
points obtained from the four surface conditions of the sphere, are shown 
in Figure 22. This graph indicates a film boiling heat flux versus ~T 
curve slope in the 100-300°R range comparable to those presented by 
Rhea [6,8] and Merte and Clark [12] for 0.5 inch and larger diameter 
copper spheres. In the film boiling region the major difference indi-
cated by this and the work of others occurs in the magnitude of the mini-
mum boiling heat flux. Also, as evidenced by these curves and a compari-
son of data obtained by other investigators, the corresponding ~T at which 
this minimum film boiling heat flux occurs shows considerable deviation 
due to the various surface conditions. The minimum film boiling heat 
flux and corresponding ~T ranges shown for the glass bead peened surfaces 
are in good agreement with those previously obtained from peened surfaces 
by Rhea [6,8] and from polished spherical surfaces by Merte and Clark [12]. 
The data presented in Figure 22 ~s a quantitative confirmation of the 
qualitative conclusion regarding the dependency of the minimum film boil-
ing heat flux on surface conditions as outlined by Rhea [6,8]. The sand-
xhibi bl r Sults for the minimum boiling blasted surface also e ts compara e e 
heat flux and the correspon4ing ~T to those from film boiling heat flux 
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Figure 22 
Consolidated film boiling heat flux versus 
~T curves resulting from the machining, sand-
blasting and glass bead peening of the surface 
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versus ~T curves obtained from prior peened and polished spheres. 
Figure 23 is a film boiling data correlation plot using the 
format and basic equation for the Nusselt number initially presented 
by Frederking and Clark [1] and later modified with the addition of a 
vibrational Froude number in the abscissa term by Rhea [6,8]. The 
original correlation equation of Frederking and Clark is 
[ gd3 pvf(p~-pvf) hf r3 Nu = 0.14 
1Jvf2 
(Pr) (~~T + 0.5). • (B) vf 
The resulting curve shown in Figure 23 indicates that the data is 
readily represented by equation (B) for the Nusselt number. 
67 
Figure 23 
Film boiling correlation plot of the data 
from the 2.25 inch O.D. hollow copper sphere. 
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IV. FILM BOILING HEAT TRANSFER FROM A PEENED 0.7S INCH O.D. SOLID 
COPPER SPHERE OSCILLATED AT LARGE AMPLITUDE-TO-DIAMETER RATIOS 
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4.1 Prior Investigations in the Area of Oscillatory and Other Forced 
Convective Systems. 
Ennis [22] investigated the effect of oscillation on heat flux in 
the nucleate boiling region using a horizontal 32 gauge platinum wire 
submerged in boiling water. In referencing a stationary to an oscil-
lating system at an amplitude of 3 inches and a frequency of approxi-
mately 4 cps. his results ~dicated a 50 to 70 percent increase in 
the effectiveness of heat transfer. He speculated that an increased 
fluid velocity past the wire decreases the film thickness. This permits 
easier heat transfer through the film which results in a larger film 
coefficient and consequently a larger heat transfer rate. 
Utilizing a polished stainless steel 0.123 inch diameter tube vibrated 
vertically in distilled water, McQuiston and Parker [23] showed that 
surface vibration with a maximum X/d ratio equal to 0.82 and with various 
frequency ranges from 50 to 2000 cps has a definite effect on nucleate 
boiling. Their results revealed that vibration lowered the surface temper-
ature for low heat flux, low frequency, and high acceleration. However, 
photographs taken by them at a boiling heat flux of 1.4xl05 Btu/Hr-Ft2 and 
above showed that a larger portion of their test section was blanketed 
with vapor and their tube was oscillating within the vapor blanket. This 
caused their vibration effort to be negligible. 
Studies made by Price and Parker [24] on a 1.0 inch diameter hori-
zontal cylinder vibrated vertically in water at frequencies of 50, 80, 
and 120 cps. amplitudes up to 0.050 inches, and a boiling heat flux range 
from 0.0 to s.0x104 Btu/Hr-Ft2 revealed no noticeable effect on the 
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numerical value of the heat transfer coefficient. However, they noted 
that surface vibration changed the growth rate (increased bubble density), 
frequency of bubble formation, created smaller maximum bubble departure 
diameters, and changed the general hydrodyna~c action of the bubbles 
as they left the surface. 
Lemlich [25] investigated the effects of natural convective heat 
transfer by transverse vibration of electrically heated nichrome wires 
in air. A quadrupling of the film coefficient and an improvement of heat 
transfer was realized in the range of 39 to 122 cps. Increases in the 
heat transfer coefficient were observed for both increases in amplitude 
and frequency. The effect of frequency on the heat transfer coefficient 
was greater at larger amplitudes than at smaller amplitudes. No ob-
served effects were found to be pertinent to the direction of vibration. 
Also, the effects of amplitude and frequency diminished as ~T increased. 
He outlined the concept that the film about each wire was apparently 
stretched to cover the entire wire's path of vibration rather than it 
being carried back and forth by the wire. 
A study of the effect of vibration on natural convective mass 
transfer was conducted by Levy and Lemlich [26] using small horizontal 
aluminum cylinders coated with molten napthalene and others with d-
camphor and allowed to sublime to room air while being vibrated in a 
vertical direction at 20 to 118 cps. Results of their investigation 
indicated increases of up to 660 percent in the coefficient of mass 
transfer with increases due to both frequency and amplitude. 
By means of a 3.0 inch diameter propeller operating at speeds near 
1000 rpm and a copper tube located within an inch of the blades, Pramuk 
and Westwater [27] investigated the boiling of methanol over t-he entire 
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boiling curve. A 100 percent increase in the heat transfer coefficient 
was achieved. Also, throughout the transition region and at the criti-
cal ~T, a 20 percent increase in the coefficient was noted as agitation 
was increased. Their work indicated that agitation can improve the 
heat transfer coefficient over the entire boiling curve. 
Rhaa [6,8] used the transient technique to calculate film boiling 
heat flux from 0.5, 0.75 and 1.00 diameter solid copper spheres oscil-
lated in saturated liquid nitrogen at atmospheric pressure. The range 
of frequencies studied was from zero to approximately 12 cps at peak-
to-peak amplitudes of 1.0 and 2.0 inches. He noted that oscillation of 
the heat transfer surface considerably increases the film boiling heat 
flux for a given temperature difference over that for natural convection 
film boiling. He found that the correlation equation (B)* for the Nus-
selt number, which he modified by the addition of a vibrational Froude 
number raised to the 2/3 power, represented the effects of oscillation 
in the temperature range, amplitudes and frequencies which he investigated. 
This film boiling heat transfer study is a continuation, into higher 
temperature ranges and at larger amplitudes, of the oscillatory work 
previously performed by Rhea [6,8]. 
4.2 Experimental Equipment and Test Procedures. 
A peened 0.75 inch diameter solid copper sphere, with a thermocouple 
junction placed at its center, was used for this investigation. The 
sphere was connected to the drive system with a 6.0 inch long megopak 
rod which was soldered to the sphere with high temperature silver solder. 
The surface of the sphere had previously been peened with size 801-205 
glass beads. 
*Equation (B) is presented in Section 3.7 of Chapter III. 
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The Honeywell Electronik Model 19 recorder previously described in 
Chapter III was used to obtain the millivolt versus time record of the 
cooldown of the sphere. 
The apparatus used to obtain sinusoidal oscillation was similar 
to the scotch yoke type design used gy Rhea [6~8]. The drive source was 
a 0.5 hp Craftsman variable speed motor. purchased from Sears, Roebuck 
and Company. The rpm of the drive shaft was measured with a Model 1538-A 
Strobotac manufactured by General Radio Company and readings were con-
verted to cycles per second. The drive system,with the sphere, was 
mounted on a rigid steel table and could be raised and lowered as neces-
sary to insert bhe sphere into an eight liter flask containing saturated 
liquid nitrogen at atmospheric pressure. Figure 24 shows the scotch 
yoke apparatus, steel table, and the mounted sphere. 
Initially, the surface was cleaned with acetone during the one hour 
recorder warm up period. The mechanism was then adjusted to a specific 
amplitude setting and an initial operating frequency. After completing 
these settings, the system was stopped and the sphere inserted into a 
heater and heated to approximately 250°F above ambient room temperature. 
The sphere was then removed from the heater and lowered into the liquid 
nitrogen while the system was concurrently restarted. 
At the larger amplitudes and frequencies it was found necessary to 
cover the top of the flask to eliminate the motion of the sphere support 
rod from causing separation of small liquid nitrogen droplets from the 
free surface of the liquid nitrogen contained in the stainless steel 
flask. A paper bag with a small hole cut in the bottom, for the in-
sertion of the sphere and support rod into the flask, was placed over 
the outside of the flask. This arrangement proved to eliminate the 
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Figure 24 
A photograph of the oscillatory equipment 




problem effectively. After each test run a check was made of the fre-
quency to determine whether any drift had occurred during the run. 
4.3 Results. 
One stationary and three oscillatory test runs were conducted. The 
corresponding X/d ratios for the test runs in the order that they were 
performed were 2.40, 5.73, and 7.33, respectively. Three frequencies 
were investigated for the first two X/d ratios and two frequencies for 
the latter. 
In Figure 25 the film boiling heat flux versus ~T curves are pre-
sented for the sphere oscillated with an X/d ratio of 2.4 at frequencies 
of 3.12, 5.0 and 10.08 cps. The resulting curves indicate that the film 
boiling heat flux from the sphere was increased in constant values by 
both the oscillatory motion and as frequency of oscillation was in-
creased. These recorded responses, created by oscillation of the sphere, 
are comparable to those obtained by Rhea [6,8] in the temperature, fre-
quency and amplitude range he investigated. 
Figure 26 reflects film boiling heat flux versus ~T curves from the 
sphere oscillated with an X/d ratio of 5.73 at frequencies of 3.03, 5.15, 
and 10.15 cps. With this X/d ratio, the observed changes in the film 
boiling heat flux versus ~T curves are as follows: 
(a) At the lower frequency level, in comparison to that of the 
smaller X/d ratio of 2.4, a considerable increase in film 
boiling heat flux is apparent and is attributed to the larger 
amplitude of oscillation. 
(b) Increases in heat flux as frequency was increased was also 
realized. These increases were not of the same magnitude 
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Figure 25 
Film boiling heat flux versus ~T curves 
• from a peened 0.75 inch O.D. solid copper 
sphere oscillated with an X/d ratio of 2.4 
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Film boiling heat flux versus ~T curves 
from a peened 0.75 inch O.D. solid copper 
sphere oscillated with a X/d ratio of 5.73 
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as those obtained by initially increasing the peak-to-peak 
amplitude of the sphere's vibratory motion. 
(c) The film boiling heat flux versus ~T curves indicate a steeper 
slope at this and larger X/d ratios. These steeper slopes in 
the film boiling heat transfer curves ~ere not apparent at the 
smaller X/d ratio of 2.40. Also, Rhea's work [6,8] with 
smaller X/d ratios did not indicate such slope deviations. 
The film boiling heat flux versus ~T curves from the sphere oscil-
lated with an X/d ratio of 7.33 at frequencies of 3.0 and 6.03 cps are 
presented in figure 27. A further increase in the heat flux from the 
sphere with this X/d ratio of 7.33 is still readily observed. Over 100 
percent increase in film boiling heat flux at a given temperature dif-
ference and at the frequency of 6.03 cps was realized when oscillating 
the sphere with this X/d ratio. 
A stationary film boiling heat flux versus ~T curve for the sphere 
is included in these figures for reference purposes. 
A film boiling data correlation plot, similar to that presented 
in section 3.7 of Chapter III, is shown in Figure 28. The maximum 
correlation of the data is +45/-18 percent and is in general agreement 
with the data obtained by Rhea [6,8] in oscillating spheres of similar 




Film boiling heat flux versus ~T curves 
from a peened 0.75 inch O.D. solid copper 
sphere oscillated with a X/d ratio of 7.33 


























































































































































Film boiling correlation plot of the data 
obtained from oscillating a peened 0.75 
inch O.D. solid copper sphere with X/d 








mAl!! * ~ 
o A lll,rr -& __.. .. ~. If. 
lo8 
A £oo Am .,.r.. •• ~ •• ..A< #! #' 
Aa-A 'tfJ~ a 
A a ~~ __..... .. ~ tf 
. J.-.r .. ..-- ~ 41 
.. -.. ~..... ; , ~ .. ......-- ; 
J X/d = 0, F = 0 
E> X/ d = 2 • 4 , F = 3 .12 
~ X/d = 2.4, F = 5.0 
J( X/d = 2.4, F = 10.08 
A X/ d = 5 . 7 3' F = 3 . 0 3 
109 
~ X/d = 5.73, F = 5.15 
~ X/d = 5.73, F = 10.15 
m X/d = 7.33, F = 3.0 













v. NUCLEATE AND FILM BOILING HEAT TRANSFER FROM A PEENED 0 25 I • NCH O.D. 
AND SMALLER DIAMETER SOLID COPPER SPHERES 
5.1 Studies by Other Investigators. 
A theoretical analysis of film boiling was first initiated by 
Bromley [9,10]. Based on film theory for condensation, he proposed 
the heat transfer coefficient 1/4 
(C) 
for horizontal wires and tubes. The value of a 1 was given by him as 
equal to 0.62 for the horizontal case and for the vertical case no value 
was given. For the vertical case d was replaced by L and a1 , as in the 
horizontal case, was found experimentally. In his discussion of pre-
vious work on film boiling he expressed the criteria that a decrease 
in the liquid vapor interfacial tension causes a lowering and shifting 
to the left of the transition portion of the heat transfer curve. This 
decrease also shifts the critical temperature appreciably to the left. 
Banchero, Barker, and Boll [11] investigated stable film boiling 
of liquid oxygen from horizontal tubes. They observed that the Bromley 
equation (C) [9,10] predicted correct heat transfer coefficients only 
for pressure variations of 5 - 500 psia, ~T ranges of 100 - 700°F and 
wire or tube diameters of 0.069 - 0.127 inches. They proposed the 
modified Bromley equation 
[ 
K3 p (Pn-P f)g(hf + 0.5 Cp f ~T) ] 





Equation (D) does not allow the heat transfer coefficient to approach 
zero as the diameter approaches infinity. They noted that film boiling 
coefficients are not a function of surface condition but rather a strong 
function of tube diameter. They indicated that the Bromley equation (C) 
fails to predict the effect of wire and tube diameters in the range of 
0.025 to 0.750 inches. 
Koh [28] and Sparrow and Cess [29] analyzed laminar film boiling 
from a vertical surface. Koh [28] showed that heat transfer increases 
1/2 
as the ratio [(p~)v/(p~)t] increases. The latter investigators 
showed that the Nusselt number was increased as the degree of subcooling 
is increased. 
Frederking and Clark [1] performed a theoretical analysis of 
natural convection film boiling from a sphere. They noted that little 
deviation occurred in film boiling heat transfer coefficients pertinent 
to a large range of heat transfer surface geometries. Accordingly, 
they changed the exponent of their derived equation for Nusselt's 
b f 0 25 0 33 Their resulting film boiling hmt transfer num er rom • to • • 





(Pr)vf (~~T + 0.5) (B) 
Merte and Clark [12] conducted an experimental investigation of 
boiling heat transfer from 0.5 and 1.0 inch diameter 
nucleate and film 
at both standard and fractional gravities. To compensate copper spheres 
for changes in acceleration they proposed a film boiling correlation 
equation of the form 
hf a 11/3 
(Pr) f(__;_g_ + o.5)- · 




Later, they changed the constant 0.15 to 0.14 in their equation. 
Breen and Westwater [30] investigated the film boiling behavior 
pertinent to various tube diameters. They found that heat flux and the 
heat transfer coefficient were not monotonous functions of tube diameter. 
They presented a single empirical expression to fit data for all cylinder 
diameters. Park [31] and Flanigan [32] subsequently proved that their 
expression was not general. 
No nucleate or film boiling heat flux versus ~T curves are believed 
to exist for 0.25 inch O.D. and smaller diameter spheres. The following 
presentation is the result of an investigation directed towards ob-
taining nucleate and film boiling heat flux versus ~T curves for this 
particular sphere size range. 
5.2 Preparation of the Spheres and Test Procedures. 
The heat transfer surfaces used in this research phase consisted of 
peened 0.25, 0.125,and 0.0625 inch diameter solid copper spheres shown in 
Figure 29. A hole was drilled to the center of each sphere to serve as a 
cavity to insert and silver solder a 30 gauge iron-constantan thermocouple 
junction. The corresponding hole sizes for the 0.25, 0.125, and 0.0625 
inch diameter ~pheres were 0.040, 0.032,and 0.020 inches, respectively. 
To eliminate boiling from the thermocouple wires, they were slipped through 
a hole punched through a 0.25 x 0.25 x 1.5 inch piece of styrofoam which 
was tapered on the side directed towards the sphere. A coating of 
Silastic 589 (Dow Corning RTV Silicone Rubber) was placed on the tapered 
end of the styrofoam and also the rubber was used as a filler and adhesive 
between the thermocouple wires and the styrofoam. All thermocouples and 
electrical wiring for the system, other than the spheres and styrofoam 
sections, were shielded. Each sphere's thermocouple wires were used as a 
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Figure 29 
A photograph of the peened 0.25, 0.125 and 
0.0625 inch O.D. solid copper spheres. 
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support for the sphere and wiring arrangements were similar to that out-
lined for the larger hollow copper sphere outlined in Chapter III. 
The surface of each sphere was initially peened with size 801-213 
glass beads as outlined in Chapter II and their surfaces cleaned with 
acetone prior to each test run. The spheres were submerged a minimum 
depth of 0.75 inches into a wide mouth Thermos bottle containing satur-
ated liquid nitrogen. 
The recorder used for obtaining the millivolt versus time record 
for each sphere was a series S Esterline Angus speedservo recorder manu-
factured by the Esterline Corporation of Indianapolis, Indiana. The 
recorder was allowed to warm up for an hour before test runs. 
5.3 Nucleate and Film Boiling Heat Transfer Results. 
Two test runs were performed on each sphere to obtain duplicate mil-
livolt versus time records of the film and nucleate boiling heat transfer 
regions. The two test runs were performed on separate days and the data 
was found to be reproducible. It was also necessary to run the nucleate 
and film boiling millivolt versus time records separately because of limi-
tations on setting the span of the recorder. However, this procedure was 
not found to be a handicap in compiling the heat transfer results. 
A typical millivolt versus time record for the nucleate boiling 
region obtained from the thermocouple junction located in the center 
of the 0.0625 inch diameter sphere is shown in Figure 30. The recorder 
chart speed was 6.0 inches per second. Figures 31 and 32 represent the 
respective nucleate and film boiling heat flux versus ~T curves obtained 
for each of the three different diameter spheres investigated. 
The magnitude of the peak.nucleate boiling heat flux, shown in 
Figure 31, for all three spheres is approximately 16-27 percent higher 
than that obtained from the peened 2.25 inch O.D. hollow transient sphere 
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Figure 30 
A millivolt versus time record from a 
thermocouple located in the center of 
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presented in Chapter III. Only a small difference is noted in the 
critical ~T between the 0.25 and 0.125 inch diameter spheres and the 
order of magnitude of the critical ~T for these diameters is considerably 
less than that obtained from the larger peened hollow copper sphere. The 
0.0625 inch diameter sphere exhibits an even smaller critical ~T. Ac-
cordingly, these deviations indicate that the critical ~T decreases as 
sphere diameter is decreased. 
The film boiling heat flux versus ~T curves, shown in Figure 32, 
indicate that the film boiling heat flux for the spheres is a function 
of sphere diameter and increases in heat flux occur as the sphere diameter 
is decreased. The film boiling heat flux for each of the three sphere 
diameters is higher than those obtained by Rhea [6,8] and Merte and 
Clark [12] for 0.50, 0.75, and 1.0 inch diameter spheres. A similar 
deviation was also noted by Bancher.o, Barker, and Boll [11] for wires and 
tubes of comparable diameter. The Liedenfrost Point for the 0.25 and 
0.125 inch diameter spheres occurred at a ~T comparable to that of larger 
diameter spheres possessing a peened or polished surface. However, the 
minimum heat flux for the 0.0625 inch diameter sphere occurred at a smaller 
~T in comparison with any of the larger spheres. Also, the changing slope 
of the film boiling heat flux versus ~T curve as the sphere cooled and 
approached the Liedenfrost Point, for this sphere size, is a unique 
characteristic and is not similar to the film boiling heat flux versus 
~T curve slopes recorded for larger spheres. 
Figure 33 is a film boiling correlation plot of the data obtained 
from the spheres. The results indicate that the correlated equation 
(B) of Frederking and Clark [1] is not representative of the Nusselt 
number for 0.25 inch and smaller diameter spheres. 
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Figure 33 
Film boiling correlation plot of the data 
obtained from the peened 0.25, 0.125 
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The data can be represented by modifying the coefficient .14 and 
the 1/3 exponent in equation (B). With these changes, the following 
equations would represent the Nusselt number based on the data obtained 
from the spheres. 
For the 0.25 and 0.125 inch diameter spheres: 
Nu (F) 
For the 0.0625 inch diameter sphere: 
[ 
gd3P (pi-pvf) 
Nu = 0.000584 vf 2 (Pr)vf 
11vf 
h ] .810 (~ llT + 0.5) 
Pvf 
(G) 




NUCLEATE AND FILM BOILING HEAT TRANSFER FROM A PEENED 2.25 I NCR O.D. 
HOLLOW COPPER SPHERE WITH ENCLOSED HEATER USING THE STEADY STATE 
TECHNIQUE 
6.1 Previous Studies. 
Rhea [6] is believed to have been the first individual to construct 
an experimental operational steady state sphere for heat transfer studies. 
The 2.25 inch O.D. hollow aluminum sphere used in his work was supported 
by means of a split tube which also functioned as terminals for the in-
ternal heater. The basic heater core design for his steady state sphere 
is similar to the one described in Section 6.2 of the chapter. His work 
involved nucleate boiling heat transfer from the sphere from both static 
and oscillatory conditions. A major portion of the nucleate boiling curve 
was obtained by him from the sphere prior to the lower portion of the 
split support rod melting inside the sphere at the higher values of 
nucleate boiling heat flux. 
In a film boiling heat transfer investigation, Marianyi [13] con-
structed a machined 2.25 inch O.D. steady state copper sphere. The 
purpose of his investigation was to collect film boiling steady state 
data for liquid nitrogen from a spherical copper surface. In modifying 
the convection heat equation by use of equation (B) for spheres presented 
by Frederking and Clark, he found the resulting expression could be used 
f i d i . approximat1·on for steady state conditions. or a conservat ve es gn 
Considerable deviation in the results was noted in his work from those 
obtained by Merte and Clark [12] using the transient technique for film 
boiling heat transfer from 0.5 and 1.0 inch O.D. copper spheres. 
The possibility of a difference existing between steady state and 
d b Fl i [32] He observed in an transient data was first expresse Y an gan • 
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investigation of film boiling from 1 copper cy inders, using the steady 
state technique, that the physical characteristics of the bubbles at 
steady state conditions differed from those observed during a transient 
condition when changing steady state operating points. This observed 
phenomenon led him to question the validity of substituting transient 
data for data obtained under steady state conditions or vice-versa. 
The primary purpose of this investigation was to obtain the complete 
heat flux versus ~T curve from a copper sphere, using the steady state 
technique, and to compare the results with data obtained by the transient 
technique from a similar copper sphere. 
6.2 The Experimental Sphere and Test Procedures. 
The heat transfer surface for this steady state nucleate and film 
boiling heat transfer investigation was a peened 2.25 inch O.D. hollow 
copper sphere similar to that described and used for the transient 
technique presented in Chapter III. The exceptions were (a) a 0.5 inch 
diameter hole was drilled through the upper hemispherical shell at the 
pole, (b) one less thermocouple was mounted in the lower hemispherical 
shell (TC 2) and, (c) 30 gauge iron-constantan thermocouples were used. 
The thermocouple locations are shown in Figure 6. 
The overall heater design was similar to that used by Marianyi [13]. 
The heater base element was a 1.625 inch spherical core made from Grade 
A hydrous aluminum silicate with twelve threads per inch machined on 
the surface. Two holes 0.375 inches apart and 0.375 inches in depth 
were drilled in the top of the core and tapped to receive two number 
4-40 threaded 0.1875 inch diameter brass support rods which also served 
as electrical terminals. An 0.1875 inch diameter hole was drilled through 
the core from pole to pole which served as an outlet for the thermocouples 
located in the lower half of the sphere. The brass support rods were 
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extended vertically away from the sphere and inserted through appropriate 
holes in a nonconductive wooden board that served as a spacer for the 
terminals. In addition, the board functioned as a support for the sphere 
when it was p1aced in the dewar. This fixed the sphere at a stationary 
depth of approximately 7.0 inches below the free surface level of the 
liquid nitrogen. Also, a 0.0312 diameter hole was drilled through the 
core parallel to the 0.1875 inch hole and lying 0.0625 inches from its 
edge. This hole served as a heater element wire return path to the 
brass rod utilized as the negative electrical terminal. A 26 gauge 
tungsten wire served as the heating element. One end of the wire was 
initially held in place by two number 4-40 threaded nuts placed on one 
of the brass rods (positive terminal) and then wrapped around the core. 
From the lower pole, the other end of the tungsten wire was threaded up 
through the 0.0312 diameter hole and securely fastened by two number 
4-40 threaded nuts on the negative terminal. The core and wire was then 
coated with Sauereisen number 78 cement. The interior wall of the sphere 
was coated with Saureisen number 7 cement for the purpose outlined by 
Rhea [6]. After mounting the thermocouples, threading them through the 
top outlet cavity of the copper spherical shell, and placing the core 
inside the sphere, the remaining void in the top outlet cavity was filled 
with Sauereisen number 78 cement. This insured that liquid nitrogen did 
not penetrate into the interior of the sphere. A cross-sectional view 
of the assembled sphere and heater is shown in Figure 34. 
The power supply for the system consisted of a type SAE 300 Lincoln 
D.C. electric welder. The current and voltage was measured with a 
Weston D.C. Model 1 ammeter and a Weston D.C. Model 45 voltmeter, 
respectively. Two variable resistors to change the circuit's electrical 
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Figure 34 
Cross-sectional view of the peened 2.25 
inch O.D. hollow copper steady state sphere 
and heater. 
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2.25 inch O.D. Hollow Copper Sphere 
Figure 34 
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load were connected in series with the power source. Figure 35 is a 
schematic drawing of the overall physical layout and electrical power 
circuit of the system. 
The heat transfer surface was peened with size 801-213 glass beads. 
The surface was cleaned during the recorder warm-up period in a manner 
similar to that outlined in Chapter III. The Electronik Model 19 re-
corder originally discussed in Chapter III was used for obtaining the 
millivolt records. During each test run the sphere was submerged in 
liquid nitrogen and allowed to reach steady state at a low power input 
for a period of 20-30 minutes prior to a step-wise power increase during 
test runs. Figure 36 is a photograph of the sphere in its operational 
configuration. 
The thermocouple wiring arrangement was similar to that outlined 
in Chapter III for the transient sphere. 
At each power setting the sphere was allowed to reach a steady 
state condition and millivolt, current and voltage records were taken 
when this was achieved. 
6.3 Nucleate and Film Boiling Heat Transfer Results. 
Three test runs were conducted with the initial test run reaching 
4 
a maximum heat flux in the nucleate region of approximately 1.6xl0 Btu/ 
Hr-Ft2 to check the operational aspects of the system. During the latter 
two test runs the system's heat flux level was expanded to the critical 
heat flux point and operation of the steady state sphere then extended 
into the film boiling region. Upon reaching the critical heat flux 
during these runs, the power to the system was immediately decreased so 
as not to damage the heater. 
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Figure 35 
Schematic drawing of the steady state 
sphere and electrical system. 
A. Power Source 







F. Sphere with Heater 










A photograph of the peened 2.25 inch O.D. 




The two thermocouples located in the lower half of the sphere were 
found to read twenty times higher at a heat flux of 1.6xlo4 Btu/Hr-Ft2 
than the other thermocouples in the first and second test runs and was 
assumed to be biased. The data from these thermocouples were not re-
corded during the third test run. Millivolt data and corresponding 
power input records were obtained to complete the heat flux versus nT 
curves with the remaining three thermocouples located in the upper hem-
ispherical shell in the second and third test runs. However, when later 
evaluating and converting these millivolt records to temperature values 
it was discovered that thermocouple 2 was also reading approximately 70 
percent higher than thermocouples 2 and i and was, therefore, not in-
cluded in the data used for statistical comparison purposes. 
While monitoring thermocouple 2 during the second test run, the 
recorder indicated that steady state conditions had been reached. After 
an intense watch of the stability of this particular thermocouple the 
millivolt record of this thermocouple suddenly indicated heat transfer 
conditions had reached the film boiling region. A rapid check of the 
other thermocouples also indicated this condition. Thus, in later 
eliminating the data from thermocouple Q no record existed as to where 
the exact critical ~T had occurred. However, the power input at the 
critical heat flux point during this particular test run was recorded. 
The exact critical heat flux point for the sphere in the third test 
run was not determined. The nucleate boiling heat flux versus ~T curves 
with comparison curves from the transient sphere presented in Chapter III 
are shown in Figure 37. All test run curves for the heat flux from the 
steady state sphere are averaged temperatures indicated by the millivolt 
records of thermocouples 3 and 4. The basic slopes and shapes of the 
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Figure 37 
Nucleate boiling heat flux versus ~T curves 
from the peened 2.25 inch O.D. copper steady 
state sphere with comparison curves from the 
2.25 inch O.D. hollow copper sphere. 
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resulting nucleate boiling heat flux versus ~T curves are comparable to 
those obtained by the transient technique for a similar peened sphere 
as outlined in Chapter III. A ~T deviation of approximately 3°R 
between the second and third test runs is noted at the heat flux level 
of 2.0x104 Btu/Hr-Ft2 • An approximate 12.5 percent deviation exists 
between the steady state peak nucleate heat flux obtained from the second 
test run and the referenced transient data curve from a peened surface 
condition. 
The initial test run (run 2) into the film boiling region functioned 
as an experience for operational procedures and establishment of the 
necessary power input range. Based on this initial experience, the 
second test run (run 3) in the film boiling region was conducted by first 
reaching the highest ~T shown in the resulting curve and the power input 
then lowered in increments to achieve several steady state points. The 
resulting film boiling heat flux versus ~T curves are presented in 
Figure 38. The resulting steady state film boiling curve shows little 
deviation in magnitude or slope to those obtained by the transient 
technique for the similar sphere outlined in Chapter III of this inves-
tigation. A constant deviation of approximately 4.Sxl03 Btu/Hr-Ft2 does 
exist, as shown in Figure 38, between Marianyi's [13] data and these 
results. However, the data obtained in this investigation was obtained 
from an average of two thermocouples located in the upper half of the 
sphere. Marianyi's data was taken from three thermocouples located in 
d d This could be the the lower half of his sphere an were not average • 
reason for the deviation between the curves shown in Figure 38. 
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Figure 38 
Film boiling heat flux versus ~T curves 
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VII. ERROR ANALYSIS 
All thermocouples used in this investigation were calibrated at the 
temperature of (a) a dry ice-acetone bath and (b) an ice-water bath. Any 
deviations encountered in calibration of the thermocouples are discussed 
in detail with the associated errors for each individual research aspect 
of this investigation. 
The 2.25 inch O~D. Hollow Copper Sphere (Transient Technique) 
The primary possible inherent errors of this research include those 
from calibration of the recorder, thermocouple calibration and reading 
of the millivolt versus time records. A secondary relatively small 
error of the system (the sphere) was a conduction heat loss through the 
thermocouple wires. No correction was found necessary in the calibration 
check of the thermocouples. The calibration of the recorder involved 
an accuracy of +0.25 percent of full span which corresponds to approxi-
mately +0.125 millivolts in the nucleate boiling region. The millivolt 
versus time records could be read within +.001 millivolts in the 
nucleate boiling region. The sum of these two errors corresponds to a 
maximum temperature error of approximately 1.3°F. The thermocouples 
were permanently placed in the sphere and were not disturbed in the 
process of peening and/or sandblasting the surface of the sphere. 
Therefore, no thermocouple deviation is assumed to have occurred in 
the process of altering surface conditions. The conduction heat losses 
through the thermocouple wires were considered negligible. The heat flux 
values were based on total area which resulted in heat flux values that 
were less than one percent low. 
Oscillation of the Peened 0.75 inch O.D. Solid Co 
The possible errors in this test were again those of recorder 
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calibration~ accuracy of reading the millivolt versus time records, 
thermocouple calibration~ heat losses by conduction up the support rod 
and in addition, the frequency variation during oscillation of the sphere. 
The initial two possible errors were similar to those discussed for the 
2.25 inch O.D. hollow copper sphere. The thermocouple in the sphere read 
high during the calibration check and a mathematical compensation was per-
formed for this deviation. Frequency variation was found to be negligible. 
The same problem was noted in the millivolt versus time records as 
that encountered by Rhea [6,8] with the support rod cooling at a faster 
rate than the sphere. Accordingly, the boiling heat flux values presented 
for this particular investigation are considered to be between one to two 
percent high because of the heat transfer up the support rod. 
The 0.25, 0.125, and 0.0625 Inch Diameter Solid Copper Spheres 
The same experimental errors that were outlined for the 2.25 inch 
O.D. hollow copper sphere prevailed during this investigation. However, 
a different recorder was used. The calibration of the Esterline recorder 
involved an accuracy of +.50 percent of full span which corresponds to 
approximately +.005 millivolts in the nucleate boiling range. The sum 
of the calibration error and that of reading the millivolt versus time 
records corresponds to a maximum temperature error of approximately 
+.75°F. All thermocouples were found to be reading high during the cal-
ibration check. These differences were compensated for by initially sup-
pressing their corresponding millivolt deviation values with the recorder. 
The respective areas of the 0.25, 0.125 and 0.0625 inch diameter spheres 
taken up by the insertion of the thermocouples was .65, 1.64 and 2.56 
percent of the total areas. The calculations were based on total areas 
of the sphere and this resulted in heat flux values that 
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1, 1 to 2, and 2 to 3 percent low for the respective 0.25, 0.125 and 
0.0625 inch diameter spheres. These errors were essentially doubled 
by heat transfer gains to the s h b P eres ecause of heat conduction through 
the thermocouple wires. 
The 2.25 inch O.D. Hollow Copper Sphere with Enclosed Heater (Steady 
State Technique) 
Errors pertinent to this sphere were similar to those encountered 
with the 2.25 inch O.D. hollow copper sphere with the exceptions of (a) 
related electrical power input readings; (b) conduction heat loss from 
the support rod and the electrical resistance of the brass rods; (c) and 
the neglect in the calculations of the surface area of the sphere con-
sisting of Saureisen number]! cement. The power input to the heater 
was calculated by the product of voltage and amperage readings. The 
voltage could be read to within +0.3 volts on the 30 volt scale and to 
within +2.0 volts on the 300 volt scale. The amperage could be read ac-
curately to within +0.25 amperes. The orders of magnitude of these errors 
wereapproximately 3.3 percent for heat flux values at 7.5xl03 Btu/Hr-Ft2 
4 2 and 4.2 percent at 1.5xl0 Btu/Hr-Ft • The diameter of each support rod 
at the exit point from the sphere was relatively small. Conduction heat 
transfer calculations for the brass support rods indicated the peak nu-
cleate boiling heat flux value for run 2 was between two to three percent 
low. The area of the sphere covered by Saureisen cement was approximately 
1.25 percent of the total sphere area. The heat flux calculations were 
based on total area and this resulted in values that were between one to 
two percent low. The thermocouples read high during the calculation check 
and a mathematical compensation was performed for this deviation. 
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Visual observation during all test runs of the transient sphere 
and the steady state sphere produced no signs that liquid nitrogen had 
penetrated to the inside of the hollow spheres. 
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VIII. CONCLUSION AND RECOMMENDATIONS 
The following conclusions are applicable to the results obtained 
from this investigation: 
1. Nucleate boiling heat flux versus ~T curves from spherical 
copper surfaces can be readily reproduced by a single and/or 
multiple peening of the surface using glass beads. 
2. Peening alters the original micro-roughness of a machined 
spherical copper heat transfer surface and thereby changes the 
magnitude of the critical nucleate boiling heat flux and the 
corresponding critical ~T at which it occurs for saturated 
liquid nitrogen. 
3. Peening of a machined spherical copper surface alters the 
magnitude of the minimum heat flux (Liedenfrost Point) and the 
corresponding ~T at which it occurs for saturated liquid 
nitrogen. [This investigation provides the quantitative data 
to substantiate the original conclusion of Rhea [6,8] with 
regards to this point.] 
4. A sandblasted spherical copper surface condition, with the ex-
ception of the peak nucleate boiling heat flux and the corres-
ponding critical ~T, yields a nucleate boiling heat flux versus 
~T curve shape and corresponding slope comparable to those ob-
tained from a peened spherical heat transfer surface. 
5. Oscillation of a peened 0.75 inch O.D. solid copper sphere with 
X/d ratios of 2.4, 5.73, and 7.34 at frequencies from 3.0 to 
10.15 cps considerably increases the film boiling heat flux. 
Over 100 percent increase in film boiling heat flux can be 
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achieved from oscillating a peened 0.75 inch O.D. solid copper 
sphere with an X/d ratio of 7.34 and a frequency of 6.03 cps. 
6. Nucleate and film boiling heat flux versus ~T curves from solid 
copper spheres smaller than 0.25 inch are not representative of 
those from larger size copper spheres. 
7. The critical ~T for 0.25 inch and smaller diameter peened 
copper spheres decreases as the sphere diameter is decreased. 
8. The film boiling heat flux for 0.25 inch and smaller diameter 
spheres increases as the sphere diameter is decreased. 
9. The correlation equation (B) for the Nusselt number presented 
by Frederking and Clark [1] for spheres is not representative 
for 0.25 inch diameter and smaller spheres. 
10. Nucleate and film boiling heat flux versus ~T curves obtained 
in this investigation by the steady state technique indicate 
little deviation between those obtained by the transient technique 
from a similar peened copper sphere. 
It is recommended that the following be further investigated: 
1. A study be conducted on the boiling heat transfer characteristics 
from both single and multiple peened flat copper surfaces util-
izing the other available bead sizes. 
2. A photographic study be made of boiling from 0.25 inch and 
smaller diameter spheres. 
3. A further investigation, including a photographic study, be con-
ducted with spheres to determine the cause of data deviation be-
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APPENDIX A 
GLASS BEAD SPECIFICATIONS 
SIZE NO. U. S. STD SIZE RANGE 
SCREEN (INCHES) 
+ 801 - 201 Size 1 .0661 
801 - 202 Size 2 .0555 
+ 801 - 203 Size 3 .0331 
801 - 204 Size 4 .0232 
+ 801 - 205 Size 5 .0165 
801 - 206 Size 6 .0117 
801 - 207 Size 7 .0098 
801 - 208 Size 8 .0083 
801 - 209 Size 9 .0070 
+ 801 - 210 Size 10 .0059 
801 - 211 Size 11 .0049 
+ 801 - 212 Size 12 .0041 
+ 801 - 213 Size 13 .0035 


































Temperature T in °R (NBS Circular 561) 
T = 138.5849 + 64.3448 MV- 3.755389 MV2 
+ 0.1994093 MV3 - 0. 00389298 MV4 
where MV is millivolts. 
Specific Heat of Nitrogen Vapor in Btu/lb - 0 R [33] 
m 
Cpvf = 0.29850310 - 0.2710041 x 10-3 T 
+ 0.3953066 X 10-6 T2 + .176949 X 10-9 T3 
- 0.7984645 X lo-12T4 + 0.463644 X lo-15T5 
where T is 0 R. 
Specific Heat of Copper in Btu/lb - 0 R [34] 
m 
Cp = - 0.0154082 + 0.00629181 T -
s 
0.1402031 x 10-5 T2 + 0.1405579 x 10-8 T3 
- 0.5208167 X 10-l2T4 
where T is 0 R. 
Viscosity of Nitrogen Vapor in Lb /Ft-Sec [33] 
m 
]Jvf 0.5049613 X 10-5 - 0.2008686 X 10-7 T 
+ 0.1463422 X 10-9 T2 - 0.2130423 X 10-l2T3 
+ 0.1031883 X l0-15T4 
where T is 0 R. 
. 3 Density of Nitrogen Vapor ~n Lbm/Ft [33] 
= 0.4246108 - 0.14851890 X 10-2 T Pvf 
+ 0.2083588 X 10-5 T2 - 0.10179360 X 10-8 T3 
where T is 0 R. 
129 
Thermal Conductivity of Nitrogen Vapor in Btu/ft-Hr- 0 R [33.] 
241.9 X 6.15 X 10-6 T 
1 + (235.5/T) (lO-l2/T) 
where T is °K. 
Prandtl Number of Nitrogen Vapor [33] 
Prvf = 0.82156 - 0.18464950 x 10-3 T 
- 0.12294370 X 10-6 T2 + 0.1794628 x 10-9 T] 
where T is 0 R. 
Density of Saturated Liquid Nitrogen in Lb /Ft3 [35] 
m 
p)i, = 50.469 
Heat of Vaporization of Nitrogen in Btu/Lbm [35] 




THERMOCOUPLE POTENTIAL DIFFERENCES (MILLIVOLTS) 
VERSUS TIME RECORDS FROM THE 2.25 INCH O.D. HOLLOW COPPER SPHERE 
Figure 39. Thermocouple potential differences (millivolts) versus 
time records of the thermocouples located in the inside 
wall of the machined 2.25 inch O.D. hollow copper sphere. 
Figure 40. Thermocouple potential differences (millivolts) versus 
time records of the thermocouples located in the inside 
wall of the initial peened 2.25 inch O.D. hollow copper 
sphere. 
Figure 41. Thermocouple potential differences (millivolts) versus 
time records of the thermocouples located in the inside 
wall of the sandblasted 2.25 inch O.D. hollow copper 
sphere. 
Figure 42. Thermocouple potential differences (millivolts) versus 
time records of the thermocouples located in the inside 




Thermocouple potential differences (millivolts) 
versus time records of the thermocouples located 
in the inside wall of the machined 2.25 inch O.D. 
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Thermocouple potential differences (millivolts) 
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Note: V denotes where peak nucleate boiling 
heat flux occurred . 
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Figure 41 
Thermocouple potential differences (millivolts) 
versus time records of the thermocouples located 
in the inside wall of the sandblasted 2.25 inch 
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Thermocouple potential differences (millivolts) 
versus time records of the thermocouples 
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Note: V denotes where peak nucleate boiling 
heat flux occurred. 
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